ABSTRACT: We have investigated the molecular dynamics of syndiotactic poly(methyl methacrylate) well above the glass transition by combining quasielastic neutron scattering and fully atomistic computer simulations. The incoherent scattering measured by backscattering on a sample with deuterated ester methyl groups has revealed the single-particle motions of hydrogens in the main chain and in the R-methyl groups. Moreover, with neutron spin-echo experiments on the fully deuterated sample we have accessed the collective motions at the two first maxima of the structure factor. The simulated cell, which has been previously validated regarding the structural properties et al. Macromolecules 2006, 39, 3947], shows a dynamical behavior that, allowing a shift in temperature, reproduces very accurately all the experimental results. The combined analysis of both sets of data has shown that: (i) The segmental relaxation involving backbone atoms deviates from Gaussian behavior.
I. Introduction
Poly(methyl methacrylate) (PMMA) is a very well-known glass-forming polymer that displays a complex dynamical behavior. Among the different dynamical processes taking place in PMMA, we first mention those related to rotational motions of both methyl groups: (i) The low values of the energy barriers in the ester methyl group have allowed resolution of rotational tunneling by quasielastic neutron scattering; 1,2 accordingly, its classical rotation is very fast. [2] [3] [4] [5] [6] (ii) Because of stronger hindrance, the rotation of the R-methyl group occurs only at higher temperatures. 7, 8 Furthermore, other subglass and glass relaxation processes in PMMA have been studied for a long time mainly by dynamic mechanical analysis, dielectric spectroscopy, and advanced NMR spectroscopy. [9] [10] [11] [12] [13] [14] [15] [16] [17] Especially in the temperature range close to and above the glass-transition temperature (T g ≈ 400 K), PMMA exhibits a complicated dynamics. A complexsand likely cooperativessecondaryrelaxation has been reported, which masks the pure R-process when techniques such as mechanical or dielectric spectroscopy (e.g., ref 13 ) are used. The molecular motions responsible for the -process have been extensively studied by using multidimensional solid-state NMR experiments. 11 The corresponding results led to the conclusion that this process relates to π-flips of the carboxyl side group which are coupled with rotational readjustments of the local chain axis with amplitude of about (20°(rocking motion). Moreover, by using two-dimensional NMR spectroscopy on PMMA, Kuebler et al. 12 reported that the -relaxation largely influences the R-relaxation time scale leading to a high mobility of the main chain. In agreement with these findings, Soldera et al. 18 found a correlation between the dihedral angle motions of the backbone and the side groups by using molecular simulations. Thus, side groups and backbone motions seem to be intimately related in PMMA.
Quasielastic neutron scattering (QENS) offers deep insight into the dynamical processes of glass-forming systems. This technique allows the study of the dynamics at a molecular level with space/time resolution. In addition, because of the different interaction of neutrons with hydrogens and deuterons, it is possible to follow either single-particle motionssthose of H in protonated samplessor collective dynamicssthe pair-correlation functions involving deuterons, carbons, deuterons and carbons, etc., in fully deuterated samples. Up to the present date, the potential of QENS has not been fully exploited to disentangle PMMA dynamical processes other than methyl group rotations. The three published QENS studies on PMMA dynamics close to and above the glass transition have been focused on the effect produced by blending with poly(ethylene oxide). In the first work, 19 samples containing fully protonated PMMA were investigated. The homopolymer investigated as reference showed extremely strong deviations from the Gaussian approximation for the average self-correlation function of all PMMA hydrogens that were experimentally accessed. The second work 8 did not report on the homopolymer dynamics. Finally, in the neutron spin-echo study on collective motion, 20 the temperature range was restricted to only two temperatures very close to T g for pure PMMA.
Complementary to neutron scattering, fully atomistic molecular dynamics (MD) simulations have proven to be a very powerful technique to unravel the structural and dynamical features of glass-forming systems. In a previous paper, 21 we have already used such a combination to decipher the local structure of syndiotactic PMMA. In this work, we address the dynamical behavior of this polymer at temperatures well above the glass transition to contribute to the understanding of the molecular motions in this range. Experimentally, we have accessed two types of correlations: on one hand, backscattering measurements on a sample with deuterated ester methyl groups followed the single-particle motions of hydrogens in the mainchain and in the R-methyl groups. We have avoided the contributions from the ester hydrogens because, as we will see later, their dynamics is clearly faster than those of the rest of the hydrogens. On the other hand, with neutron spin-echo experiments on the fully deuterated sample we have accessed the collective motions at the two first maxima of the structure factor. At these positions we have also followed the temperature dependence of the dynamic structure factor down to T g . All these experimental results provide a very critical check for the MD simulation, which was previously validated regarding the structural properties. 21 After having validated the dynamical features of the simulated cell, we could calculate functions that cannot easily be accessed experimentally (e.g., pair correlations involving particular molecular groups) and learn further about the detailed dynamics of this system.
The structure of this paper reflects the following strategy. First, after the introduction of the experimental and simulation details, the results of the QENS measurements are presented and analyzed. These are the basis for validating the simulated cell in the next section. With the combined information of experiments and simulations at our disposal, we first discuss the self-motions and then collective dynamics. Finally, a short discussion addresses the comparison with other results from the literature, before summarizing the main conclusions of this work.
II. Experimental Section
A. Samples. Two PMMA samples (Polymer Source, Inc.) with different deuteration levels were investigated: fully deuterated (PMMA-d 8 ) and a protonated material including deuterated ester methyl groups (PMMA-d 3 ). The molecular weights and polydispersities were M w ) 26 800 and 25 300 g/mol and M w /M n ) 1.04 and 1.09, respectively. The glass-transition temperatures determined by DSC were T g ) 400 K for both polymers that were close to 80% syndiotactic.
B. Neutron Scattering. Information on the dynamics of a sample can be obtained by analyzing the change in energy (pω) experienced by neutrons scattered into a given solid angle between Ω and Ω + dΩ. [22] [23] [24] [25] The modulus of the momentum transfer Q (Q B ) k B f -k B i ) is determined by the scattering angle θ and the wavelength of the incoming neutrons λ as Q ) 4π sin(θ/2)/λ. The measured intensity as a function of Q and energy transfer pω contains the incoherent and the coherent contributions, I inc (Q,ω) and I coh (Q,ω).
The incoherent intensity I inc (Q,ω) is given by the product of the incoherent scattering cross section and the incoherent scattering function, I inc (Q,ω) ) (k f /k i )σ inc S inc (Q,ω)/(4π). The scattering function S inc (Q,ω) is related via Fourier transformation with the intermediate incoherent scattering function, S s (Q,t). Its double Fourier transform is the self-part of the Van Hove correlation function, G s (r,t). In the classical limit, G s (r,t) is the probability of a given nucleus to be at a distance r from the position where it was located at a time t before. Thus, incoherent scattering looks at correlations between the positions of the same nucleus at different times.
The coherent scattering revealing the dynamic structure factor S coh (Q,t) deals with relative positions of atomic pairs, i.e., the collective dynamics. Its total intensity is determined by the differential scattering cross section, (∂σ/∂Ω) coh , revealing the structural features. In an "ideal" diffraction experiment, (∂σ/∂Ω) coh would be identical to the static structure factor S(Q), i.e., the t ) 0 value of the dynamic structure factor S coh (Q,t).
We note that, as NS spectrometers offer a limited energy resolution, the measured functions are affected by the instrumental resolution function, R(Q,ω). R(Q,ω) is the obtained spectrum when purely elastic (pω ) 0) scattering events take place in the sample (i.e., it is the "image" of δ(ω)). It can usually be determined from the scattering of the sample at very low temperature, where all the dynamical processes are frozen. Thus, the experimentally accessed quantity has to be compared with the convolution of the model function and the resolution, I exp ∼ I(Q,ω) X R(Q,ω).
1. Neutron Spin Echo. Neutron spin echo (NSE) is the neutron scattering technique offering the highest energy resolution. For each neutron individually the energy transfer in the scattering process is coded into its spin rotation. 26 Applying precession magnetic fields before and after the scattering event, the polarization of the neutron depends only on the velocity difference of each neutron individually, irrespective of its initial velocity.
As a singular feature of NSE, it accesses the scattering functions in the time domain, i.e., the intermediate scattering functions. NSE measures a normalized scattering function as 26 I coh (Q,t) and I inc (Q,t) are related via Fourier transformation to the coherent and incoherent scattering intensities, respectively. The time variable depends on the precession field B, the wavelength λ, and the length of the precession field L: t ∼ BLλ 3 .
In this work, we used the NSE spectrometer IN11 at the Institut Laue-Langevin (ILL, Grenoble) to investigate the fully deuterated sample. With λ ) 5.5 Å the accessed time range was 0.04 ns e t e 8 ns. The Q values investigated were 0.8 and 1.9 Å -1 , where PMMA-d 8 shows the two first maxima in the static structure factor. 21 We performed measurements at 400, 425, 449, 475, 496 (only for 1.9 Å -1 ), and 516 K. Measuring times were of about 8 h per Q and temperature. Direct deconvolution of the measured spectra from the experimental resolution was realized dividing by a measurement on the sample at 5 K, which is representative of the instrumental response to a purely elastic process.
2. Backscattering. The PMMA-d 3 sample was investigated at the backscattering (BS) instrument at the Jülich FRJ-2 reactor. In a BS experiment, perfect crystals are used as monochromator and analyzers, and the instrumental resolution is optimized by using backscattering geometry at both crystals. These spectrometers work under inverse geometry condition; i.e., the energy of the detected neutrons is fixed to a given value while the energy of the incident neutrons is varied around that value. In our experiment the energy window was set to -17 µeV e pω e 17 µeV. Using λ ) 6.271 Å, we accessed 10 different Q values in the range between 0.16 and 1.87 Å -1 . The energy resolution was δE(hwhm) ≈ 0.45 µeV for the detectors corresponding to Q > 0.6 Å -1 and slightly worse for the smaller scattering angles (0.7 µeV for 0.16 Å -1 ). The PMMAd 3 sample was positioned at 45°with respect to the incident beam. The temperature investigated was 518 K with a measuring time of 14 h. The experimental resolution function was obtained from measurements on the sample at 5 K. The efficiency of the detectors was determined from comparison of the integrated intensities at 5 K with the neutron diffraction results on the same sample obtained
with polarization analysis. 21 Background corrections were performed by subtracting the scattering of the empty cell.
III. Simulation Method
The fully atomistic MD simulations were carried out by using the Insight and the Discover-3 module from Accelrys with the polymer consortium force field. [27] [28] [29] A cubic cell containing four polymer chains of 25 monomers each was constructed at 580 K by means of the Amorphous Cell protocol 30, 31 with periodic boundary conditions. The tacticity of the chains was close to 80%. The simulated cell was first equilibrated with density fixed to unity during 20 ns, and after that, with a series of dynamics steps at fixed atmospheric pressure, the equilibrium density was reached. The cell finally had 25.16 Å of side. The following simulations were carried out at 580 K in the NVT ensemble, where the cell size and the temperature of the sample are constant. During a first 1 ns run the new cell was still allowed to equilibrate. Afterward, a 1 ns run was launched collecting data every 0.01 ps. Two more successive runs of 2 and 20 ns were carried out, collecting data every 0.05 and 0.5 ps, respectively. A detailed explanation of the simulation method has been given in our previous paper on the structure of PMMA. 21 From the atomic trajectories obtained in the simulations we have calculated several magnitudes based on the Van Hove correlation function. First, the self-part of this function, G s (r b,t), corresponding to the single particle motions, has been computed. Assuming isotropic behavior, for a given atom of type R (R can be, e.g., main-chain carbons, ester methyl hydrogens, etc.), G s R (r,t) is obtained as where r is the radial distance from a given particle, N R is the number of particles of type R, and r b iR is the position vector of the ith particle of kind R. The average considers a large number of atomic configurations. As previously mentioned, G s (r,t) is directly related to the incoherent scattering accessed in a neutron scattering experiment (that of the hydrogens dominates the scattering signal). From G s R (r,t) the intermediate scattering function can be computed by Fourier transformation:
The pair correlations related to coherent scattering will also be addressed. The pair correlation function of the position of nuclei of types R and , g R (r,t), is For t ) 0, this function reduces to the well-known radial distribution function. To calculate g R (r,t), all atoms within a sphere of radius r centered in the position of a given atom are considered. It should be noted that when evaluating |r b iR (t) -r b j (0)| it is essential to use the distance between the atom iR and its nearest image atom j , which may lie in the simulated cell or in one of the surrounding image cells. Periodic boundary conditions limit the range of r to no more than half the size of the side of the simulation cell. The procedure followed by us has been widely described in basic references (see, e.g., refs 32 and 33).
The results obtained will be discussed in the reciprocal space through the structure factors. In an analogous way as for the self-term (eq 3), the Fourier transform of g R (r,t) yields the pair correlation functions a R (Q,t) in Q-space. The experimentally accessible structure factor is obtained by adding up all the contributing correlations properly weighted with the scattering lengths of the involved isotopes b h R , b h :
.803 fm). The constraints due to periodic boundary conditions mentioned above imply that the minimum reliable value of Q for the calculated structure factor is Q ≈ 4π/L, where L is the side of the simulated cell. Since C and D show nearly identical scattering lengths and that of Osthe minority component of PMMAsis not very different, for the PMMA-d 8 sample all nuclei are almost equally weighted in eq 5. Therefore, the coherent scattering measured for this sample is a good approximation for the total structure factor. We note that in hydrogenated or partially deuterated samples the different weightings of the different atomic pair contributions provide partial structure factors.
IV. Experimental Results
A. Neutron Spin Echo. For the PMMA-d 8 sample investigated by NSE the coherent signal clearly dominates the scattering. 21 In addition, the weak incoherent contribution is reduced by 1/3 by the NSE instrument, and the measured signal reveals directly the normalized dynamic structure factor of PMMA: S NSE (Q,t) ) S coh (Q,t)/S coh NSE (Q,0). As we will see below, the static value of S coh (Q,t) measured by the NSE spectrometer, S coh NSE (Q,0), slightly differs from the right value S coh (Q,0) ) S(Q).
The NSE experiments studied S NSE (Q,t) at the two first maxima of S(Q), namely 0.8 and 1.9 Å -1 . 21 The observed structure factors at both peak positions are shown in Figure 1 for the different temperatures investigated. From Figure 1a ,b we note that the amplitude of the decay depends on the Q value and temperature considered. This effect relates to the fast processes present in glass-forming systems that lead to a decay of the correlations at time scales below a picosecond. In the NSE window, they can be parametrized in terms of the DebyeWaller factor (DWF). Furthermore, as usually observed in glassforming polymers, 34 the decays do not show exponential functional forms but are more stretched. They can be well described by a Kohlrausch-Williams-Watts (KWW) or stretched exponential function:
where is the stretching parameter accounting for the shape of the relaxation function (0 < e 1 and, for polymers, ≈ 0.5 34 ) , and τ w is the relaxation time that depends on Q and temperature. Since the fitting parameters DWF and are strongly correlated, to determine the temperature dependence of the time scales and the shape of the relaxation functions, we have constructed master curves for each Q value. Individual fits of the NSE data for each Q and temperature allowed a first estimation of the amplitudes. After normalization of the curves by the such obtained DWF, they were superimposed for a reference temperature T R (T R ) 475 K) by applying temperature-dependent shift factors to the time scale. The resulting master curves were
fitted to a KWW function, and the obtained parameter was used as starting value to repeat the procedure. This iterative approach converged very quickly, leading to the master curves shown in Figure 2 . As we can appreciate, within the experimental uncertainties the results corresponding to different temperatures collapse quite nicely, indicating that the timetemperature superposition principle is rather well fulfilled by the PMMA dynamic structure factor. The values such obtained for are very similar for both Q's ( ) 0.46 for Q ) 0.8 Å -1 and ) 0.49 for Q ) 1.9 Å -1 ). As can be seen from Figure 1 , by fixing these stretching parameters very good individual descriptions of the NSE data are achieved for all temperatures investigated. Removing the influence of the fast decay by renormalization with the obtained DWF, a direct comparison of the curves at both Q values may be done for a given temperature. Figure 1c shows this comparison for 516 K. There we clearly realize that the decay of the dynamic structure factor at its first maximum is significantly slower than at the second maximum. From the KWW fits of the master curves we found τ w (0.8 Å -1 , T R ) ) 115 ns and τ w (1.9 Å -1 , T R ) ) 5.6 ns. Direct comparison of time scales corresponding to KWW functions with different shape parameters may be done through the average time, 〈τ〉. This is the first moment of the distribution of simple exponential processes giving rise to the stretched exponentialsat least from a mathematical point of view. For KWW functions leading to 〈τ〉(0.8 Å -1 , T R ) ) 278 ns and 〈τ〉(1.9 Å -1 , T R ) ) 11.6 ns. Figure 3 shows the temperature dependence of the characteristic times obtained for the two Q values in comparison with results reported for PMMA from dielectric spectroscopy 13 and NMR. 16 The NSE times have been reconstructed from the shift factors used to build the master curves, multiplying them by the corresponding values of 〈τ〉(Q,T R ). 〈τ〉 )
B. Backscattering. Because of the high value of σ inc H relative to the rest of the cross sections involved in the PMMAd 3 sample, the scattering from this system mainly reveals the self-correlation function of main-chain and R-methyl group hydrogens. As examples, the BS spectra measured for Q ) 0.56 and 1.02 Å -1 are shown in Figure 4 . The broadening, which is determined by the inverse of the characteristic time, increases with increasing Q value, indicating some kind of diffusive-like behavior. In the case of simple diffusion, the dispersion law relating the characteristic time scale τ with Q is given by τ ∝ Q -2 . However, for protonated glass-forming polymers, much stronger Q dependences are generally reported 34, 48, 49 for the time scale associated with the R-relaxation. Usually, in such cases, exponents close to 4 are found, which have been correlated with the non-Debye behavior of the intermediate scattering function. 48 It is well established that in the BS window the signal produced by hydrogen motions in the structural relaxation regime is well described in terms of the Fourier transform of a KWW function in the time domain; i.e., S s (Q,t) takes an analogous form of eq 6:
We note that in the incoherent case the amplitude A(Q) (also known as Lamb-Mössbauer factor) reveals the mean-square displacement associated with the fast dynamics, 〈u 2 〉, through
It is important to emphasize that the Debye-Waller factor, which refers to coherent scattering, i.e., pair correlations, is also Q-dependent. However, it does not follow the Q 2 dependence displayed by A(Q) in the exponential and usually is modulated by S(Q). 50 We have assumed the description of eq 8 for the incoherent scattering function of the segmental motion of main-chain and R-methyl hydrogens. In addition, other contributions have to be considered to account for the measured spectra. First, we note that in our PMMA-d 3 sample the hydrogens in the R-methyl group contribute with an additional motion to the segmental dynamics: the methyl group rotation. A recent characterization of this process in a blend of PMMA with poly(ethylene oxide) (PEO) 8 delivers an Arrhenius law with a prefactor of 65.52 meV and an activation energy of 290 meV for the characteristic rate Γ 0 . On this basis, the estimation for Γ 0 at 518 K is 99 µeV; i.e., the rotation is very fast. Moreover, a distribution of rates with a width of 0.38 decades is expected. In fact, the quasielastic contribution of this process to the BS window is very weak and nearly flat (see Figure 4) . The expected contribution of this motion to the spectrum was thus taken into account in addition to the KWW function to model the total scattering function.
Second, the measured spectra also contain a coherent contribution which will be nonnegligible close to the maximum of the corresponding partial static structure factor (up to 25% at 1.3 Å -1 ; see Figure 1 in ref 21 ). The characterization of the dynamics of such contribution is very complicated. In PMMAd 3 , the coherent scattering reflects to a large extent correlations relating to the ester side groups. 21 As we will see later, the characteristic times of collective motions involving these groups are similar in the high-Q regime to those corresponding to incoherent segmental dynamics. Thus, the same KWW function accounting for the segmental motion of hydrogens was used to describe the coherent contribution close to the peak. In the other Q-regions, this contribution can be safely neglected.
In the fitting procedure the value was fixed to 0.5, which is close to the values obtained for coherent scattering at the two maxima and, as we will see below, is the stretching parameter fitting the MD simulations results. Figure 4 shows the good quality of the descriptions obtained with this model function convoluted with the instrumental resolution. The characteristic times deduced from the fit are shown in Figure  5a .
V. Validation of Simulations
As the second in the series, this paper deals with the dynamical features of PMMA in the region close and above the glass transition. For the interpretation of the dynamic data the comparison with molecular dynamic simulation which have been performed in parallel is crucial. Therefore, we will start with a validation of these MD simulations. As shown in ref 21, Figure 3 . Temperature dependence of the average time characterizing the decay of the dynamic structure factor at Q ) 0.8 Å -1 (full squares) and Q ) 1.9 Å -1 (full circles). The data are compared with dielectric spectroscopy (diamonds) 13 and NMR results. 16 The solid part of the NMR line shows the experimentally accessed region, and the dotted lines correspond to the extrapolated results by the law given in ref 16 . The dashed line shows the -relaxation characteristic time as determined from dielectric spectroscopy. 13 The vertical bars link the NSE time scales obtained by considering T-constant (points) and T-dependent 
the simulations very well reproduce the structural features of PMMA. This is not only true for the coherent structure factor obtained from a fully deuterated material, but also for the five differently weighted partial structural factors which may be observed experimentally in labeling with deuterium at different positions of the molecule. The comparison with X-rays results reported in the literature [35] [36] [37] is successful as well. 21 Thus, the simulations lead to an overall good agreement with the experimental partial static structure factors.
After validating the structure, we also have to compare simulations and experiments relating to the dynamics. A direct comparison of NSE and simulation results is not possible without considering slight amplitude corrections for the experimental data. 38, 39 These arise from a deficient normalization of the NSE signal. As a result of the polarization analysis after the scattering process, a NSE spectrometer offers only a limited band-pass to the scattered neutrons. 26 Inelastically scattered neutrons with energies higher than those allowed by the bandpass (about 2 meV in the case of IN11) are not transmitted through the instrument and do not participate in the normalization event. As already mentioned, this implies that the value experimentally obtained for the static limit of S coh (Q,t) is not exactly S(Q). Therefore, the measured NSE signal differs from the properly normalized scattering function in a factor A BP (Q), which translates into an effectively smaller DWF. Following the same procedure as in ref 39 , we have corrected the NSE amplitudes by using the simulation results, where the uncertainties involved in the calculation of the static value of S coh (Q,t) are very small. The factor A BP may be related to the value of the dynamic structure factor in an "effective band-pass time" t BP , S coh (Q,t BP ). This time should be of the order of the inverse of the band-pass frequency, t BP ≈ 0.3 ps. We have found a reasonable agreement assuming t BP ≈ 0.2 ps, similar to what it is expected and what it was found in ref 39 for poly(vinyl ethylene). For the highest temperature (516 K), the such corrected spectra are compared with the simulation results at 580 K in Figure 6 . There, the simulation data have been calculated by means of eq 5 and then normalizing the results by S(Q). We find a very good agreement between both sets of data. This concerns not only the decay of the relaxation function which is observed at times above 2 ps but also the initial decay relating to fast dynamics such as librations and the Boson peak in glasses. Thus, allowing the same shift in temperature (65 K), we find, as for the validation of the static data, that the dynamics is also well reproduced by our simulated cell. To show that the simulations are consistent with the experimental results maintaining this shift, we have also run a simulation at 540 K, i.e., 40 K below the previous simulation. As can be seen in Figure 6 , the experimental data obtained for PMMA at 475 K and corrected as explained above perfectly agree with these results. Thus, the required shift is similar for both sets of data. We note that the simulations carried out by Soldera et al. 18 on the same system lead to similar time scales as in our case, implying the need of the same shift in temperature to match the experimental results. Though smaller (about 30-40 K), some temperature shift had also to be invoked for polyisoprene 38 and o-terphenyl. 40 Apart from slight differences in the microstructure or in the density, a possible source for this discrepancy could be that the force field used in the simulations was not perfectly calibrated. For the case of polybutadiene, it has been shown by Smith et al. 41 that the time scale of the R-relaxation resulting from the MD simulations is quite sensitive to slight changes of the local intrachain potentials. In this direction, the comparison with experiments as done here could be used to refine the rotational potentials of the force field for PMMA.
There is still another observation that supports the validation of our cell from a dynamic point of view. As we will show in the next section, we also achieve good agreement for the characteristic times for the hydrogen self-motion as obtained from BS at 518 K and from the simulations at 580 K. Thus, allowing the mentioned temperature shift, both correlation functions (pair and self) are well reproduced, a result which is not trivial.
VI. Discussion
A. Hydrogen-Weighted Self-Terms: Incoherent Scattering. To a large extent, the BS measurements on the PMMA-d 3 sample reveal the self-motions of the hydrogens at the main chain and in the R-methyl group. The simulations allow an inspection of the self-correlation functions for each kind of atom in the sample. For Q ) 1 Å -1 , Figure 7 shows these functions in Q-space S s R (Q,t) (eqs 2 and 3). They are calculated for the three types of hydrogens in the sample [R: main-chain hydrogen (H MC ), R-methyl group hydrogen (H MG ), ester side group hydrogen (H SG )]. For H MC and H SG we observe a qualitatively similar behavior: after a fast decay until ≈1 ps, a second slow regime leads to the total decay of the correlations. In a first approximation (we will see later that for H SG the situation is more complex), these two steps can be attributed to the fast dynamical processes and the R-relaxation, respectively. The H MG present in addition a third intermediate regime. This can be identified as due to the R-methyl group rotations. In fact, rotations are also active in the ester methyl groups. However, the associated time scale there is so fast that this process appears just as taking part of the fast dynamics.
Our main focus is to characterize the dynamics at times larger than the picosecond scale. There, the contributions of the fast processes can be effectively parametrized with an amplitude for the rest of the decay, A(Q). Then, for the main-chain hydrogens as well as for the ester methyl group hydrogenssat least in a first approachsthe self-correlation function can be well described by eq 8. From the corresponding fits, an approximately Q-independent value of ) 0.5 is found for both kinds of atoms. By fixing the stretching parameter to this value the good descriptions shown in Figure 7 are obtained. In the case of H MG both the methyl group rotation and the segmental motions have to be taken into account. As already shown for PMMA in a blend with PEO, 8 a good approximation is to consider that both kinds of motions take place simultaneously and independently. Then the total intermediate scattering function is given by the product of the respective scattering functions:
Here S s I (Q,t) is the KWW function corresponding to the R-relaxation. For a localized motionslike the rotation of the MGsthe scattering function S s II (Q,t) assumes the form
The elastic incoherent structure factor EISF carries the information about the geometry of the particular motion involved. In this particular casesa rotational jump between three equivalent positionssit is given by (r HH ) 1.78 Å: distance between the hydrogens). The timedependent function φ(t) in eq 10 is normalized (decays between 1 and 0) and depends on the characteristic rate Γ of the localized motion. Because of the disorder in the system, different environments leading to distribution of rates are present, and consequently φ(t) is not a simple exponential decay. For methyl group rotations a Gaussian distribution function of Γ is usually assumed:
In the range of applicability of this model function (after the fast microscopic decay) the achieved description of the MD simulation results for H MG is excellent, as can be appreciated in Figure 7 . From the fit, a mean value of Γ 0 ) 48.2 µeV and a width σ of 0.40 decades are found for the frequency distributions function. Compared with the experimentally expected values at the equivalent temperature (99 µeV and 0.38 decades, see section IV.B), we find just the same width and a rate within a factor of 2, i.e., a rather good agreement. The contribution of this motion to the decay of the correlations [affected by the amplitude factor A(Q)] is separately shown in Figure 7 (dotted line). The R-relaxation contribution [multiplied by the asymptotic value of the methyl group rotation for longer times, A(Q)EISF MG ] is displayed as the solid line. As expected, it describes the long-time decay of the correlations. The stretching parameter was again fixed to ) 0.5. The Q-dependent characteristic times deduced for segmental motion for the three kinds of atoms, together with the experimental results (black dots), are displayed in Figure 5as we remind that the BS data have also been fitted with the same functional form ( ) 0.5). For a direct comparison of the results, we have calculated the weighted sum of the main-chain and the R-methyl group contributions (full blue points) which together correspond to the experimental observation (apart from small coherent contributions). We note that the BS points agree within a factor of 2-3 with the simulationssan overall very respectable result that supports again the validation of the cell.
The Q dependence of the experimental results appears to show an increasing slope in going from high to lower Q. This behavior can be quantitatively read off from the computer simulation. Concentrating first on the main chain (see Figure 5b) , we realize that the Q dispersion changes from an exponent of 2.4 at high Q to an exponent close to 4 (a fit delivers 3.65) at low Q. A similar behavior has been observed in several instances for other
EISF MG ) 1
Qr HH ) (11) Figure 7 . Self-correlation function obtained from the simulations at Q ) 1 Å -1 for the hydrogens at the main chain (circles), in the R-methyl group (rhombs), and in the ester methyl group (squares). Solid lines are KWW functions with prefactors A(Q) giving account for the decay below ≈1 ps (MC,SG) and with prefactor A(Q)EISFMG (MG). In the latter case, the total description above 1 ps is given by the dasheddotted line, and the contribution of the methyl group rotation [multiplied by A(Q)] is depicted by the dotted line.
systems 38, 39, [42] [43] [44] [45] [46] and could be interpreted in terms of a crossover from heterogeneous dynamics at local scales to Gaussian relaxation at larger scales. 38, 47 As shown in previous publications, 48, 49 such a Gaussian process leads to a relation between the stretching exponent and the Q dispersion of the characteristic times τ w ∝ Q -2/ . While at low Q this relationship is rather well fulfilled in PMMA, around Q ≈ 0.8 Å -1 severe deviations appear. To further investigate this observation, we have calculated the non-Gaussianity parameter for the dynamics of the main-chain hydrogens. The non-Gaussian parameter R 2 (t) is given by a combination of moments of the self-correlation function
Here 〈r 2n 〉 is the 2n moment of the radial self-correlation function G s (r,t). R 2 (t) indicates the leading order deviation from Gaussianity and vanishes for a Gaussian process. In Figure 5b we present the non-Gaussianity parameter R 2 taken at the characteristic relaxation time τ w (Q). We realize that, at this time and at high Q, R 2 is large, indicating strongly non-Gaussian dynamics. At the crossover point (Q ≈ 0.7 Å -1 ) R 2 is about 0.4, with a tendency to strongly decrease toward lower Q or longer times. The asymptotic slope of 4srequired for a Gaussian process with ) 0.5sis hardly reached within the Q window of the simulation and the experiment. This may result from the fact that only around Q ≈ 0.5 Å -1 the non-Gaussianity parameter becomes negligible. Similar observations were reported for polyisoprene, 38 where this crossover takes place around Q ≈ 1.3 Å -1 . Neutron scattering studies and/or simulations on different polymers have also revealed deviations from Gaussian behavior in polybutadiene 44 and polyisobutylene 42, 43 at Q ≈ 1 Å -1 and in poly(vinyl ethylene), 39 poly(vinyl acetate), 45 poly(ethylene propylene), 46 and head-to-head-polypropylene 46 at about Q ≈ 0.65 Å -1 . This means that this crossover seems to be a universal feature for the atomic motions in the R-relaxation regime. A possible interpretation of this finding was proposed in ref 38 , namely, a distribution of jumps underlying the anomalous diffusive motion of protons in the R-process. Assuming the superposition of small discrete jumps of different lengths l with a most probable value l 0 , the resulting characteristic time is given by which in the asymptotic low-Q limit yields the Gaussian law τ w ∝ Q -2/ . As can be appreciated in Figure 5b , the dispersion of the characteristic time for main-chain hydrogens in PMMA is perfectly described in this framework. A value of l 0 ) 0.6 Å is deduced, larger than that found for polyisoprene (l 0 ) 0.4 Å). 38 Thus, compared with that case, the bulky monomer of PMMA seemingly needs larger scales in order to escape the heterogeneities imposed by structural constraints.
Compared to the main-chain characteristic times, those of the side groups are significantly faster. In particular, that for the ester side group differs by about a factor of 2 at high Q, while at low Q this difference increases to nearly an order of magnitude (factor 7-8). This increasing difference relates to the much stronger dispersion of the main-chain dynamics compared to that of the side group. While the result at high Q could be easily rationalized, the order of magnitude difference at low Q, where we look on large scales, is somewhat surprising.
In the following we will try to explain these observed differences in the characteristic times.
Side groups as the ester group in PMMA may show additional dynamical processes superimposed on the segmental motion that is shared with the backbone atoms. For example, for this group π-flips have been reported from NMR studies. 11 In such a case, we cannot expect the decay of the self-correlation function to be the same as that observed for the main-chain atoms. We thus may assume the occurrence of some additional motion for H SG that, in a first approach, could be considered statistically independent from the main-chain dynamics. As we have seen, the total correlation function then would be expressed by eq 9. Now, function I would correspond to the segmental motions as determined from the slow decay of the main-chain hydrogens resultssand function II would account for the "additional" motion of the ester hydrogens with respect to the main-chain dynamics. We can easily deduce S s add (Q,t) by simply dividing Figure 8 . We note that this procedure applies for t J 1 ps, and the resulting function still contains the decay in the fast regime on the short-time side of the "additional" process contribution. On the other hand, we can appreciate that this additional process is by no means negligible, even at Q values as low as 0.4 Å -1 . For that low Q value, this motion leads to the decay of the self-correlation to almost half of its initial value at 1 ps. This indicates that the spatial extent of this dynamical process has to be large. To estimate its characteristic length scale, we apply the generic description of eq 10. As a first approximation, we consider a Q-independent dynamic function φ(t) using a KWW-like functional form with ) 0.5 and τ w ) 3.8 ns that delivers a rather good description of the data (see Figure 8) . The Q-dependent values obtained for the corresponding EISF are displayed in Figure 9 . They have been compared with the predictions of several models for localized motions: (i) isotropic rotational diffusion on a sphere of radius R and (ii) jumps among N equivalent sites equally spaced on a circle of radius R for different values of N. 24 These theoretical functions are plotted versus the dimensionless variable QR. We observe a reasonable agreement between our results and a model considering a large number of jumps on a circle (i.e., some sort of continuous diffusion) for a value of R ≈ 4 Å. It is interesting to note that this distance is very close to that between ester methyl group hydrogens and the corresponding main-chain carbon. Thus, we may interpret the additional motion as some kind of rotation of 
S s H SG (Q,t) by S I (Q,t) ) S H MC (Q,t)/A H MC (Q). The result is displayed in
the ester methyl group around the main chain. A full characterization of this motion is beyond the scope of this paper and will be addressed in a future work involving BS measurements on the sample PMMA-d 5 (hydrogens only at the ester methyl group). Nevertheless, it is important to emphasize that the spatial scale of the rotational motion we have identified well above T g is well beyond what would be expected for a simple π-flip (N ) 2, R ≈ 2 Å) which was observed in the neighborhood of T g . Finally, we note that the dynamics for PMMA within the spatial scale of BS is very heterogeneous: from the fast rotations of the methyl groups to the much slower rotations and translations of the backbone. Therefore, the effective Q dependence of the scattering from a fully protonated sample, without a distinction of the different types of dynamics may lead to any power-law exponent. This might be the reason why from a BS study of such a sample at similar temperatures than those here investigated García Sakai et al. 19 obtained a Q dependence for the characteristic time close to Q -2 in the whole Q range accessed (0.6 j Q j 1.8 Å -1 ).
B. Collective Dynamics. After having validated the simulation results on the collective dynamics with the NSE data ( Figure  6 ), we now focus on the discussion of the simulation data to unravel more details of these collective dynamics. We will concentrate on the partial structure factors related to the molecular building blocks as was done in the discussion of the PMMA structure. 21 As explained in ref 21 , we distinguish three different groupings (see inset in Figure 10 ): the main chain (MC), the ester side group (SG), and the R-methyl group (MG). Including all interference terms this leads to six different partial structure functions a G/G′ (Q,t) with G,G′: MC, MG, SG. Properly weighted by the corresponding scattering lengths, these functions deliver the contributions to the coherent scattering which is accessed experimentally. The very similar values of the neutron scattering lengths of carbons, deuterons, and oxygens lead to the direct observation of the structure factor in fully deuterated PMMA (all atoms are almost equally weighted). In the static case, this corresponds to the static structure factor S(Q). This is shown in Figure 10 together with its different partial contributions from the distinguished atomic groups. The main conclusions on the structural results were that: (i) PMMA is a strongly locally ordered glassy system: the side group areas, and there mainly the ester methyl groups, are very strongly anticorrelated to the main chain. This structure appears to be a precursor effect to the invoked nanophase separation in higher order Pn-MA's.
(ii) The main-chain correlations are very strongsthe MC/MC peak is about 6 times higher than the high-Q average. (iii) The first peak of the structure factor, though resulting from a superposition of several partial structure functions, represents the overall periodicity of the system with an average main-chain distance of about 8.6 Å. On the other hand, the higher order peaks in the overall structure factor are not easily related to any particular feature of the partial factors and originate from a superposition of positive and negative contributions of trailingoff partial structure functions. We will need Figure 10 when we discuss particular features of the collective dynamics of PMMA. In the case of correlated dynamics of atomic pairs, coherent scattering evidences such collectivity through the Q dependence of the inelastic contribution. If the motions of the two atoms considered are uncorrelated, the inelastic contribution to the dynamic structure factor just coincides with the inelastic self-correlation counterpart. Therefore, the direct comparison of the time scales obtained from both coherent (pair) and incoherent (self) scattering provides information on the degree of collectivity of the motions displayed by the different molecular groups in the polymer.
We commence with the region around the first peak representing the basic periodicity of the PMMA structure. Figure  11a displays the simulated dynamics of the different partial structure functions at this Q point. We realize that these functions can be grouped in two different classes according to whether they relate to the main chain or not. Those relating to the main chain exhibit a very large amplitude (DWF)sthe curves nearly start at 1sand display a 50% decay within the window of observation. On the other hand, those relating to side-group (both SG and MG) dynamics (i) display a significantly smaller amplitude and furthermore (ii) decay to a much larger extent. The clearly smaller amplitude relates to librational degrees of freedom which are not available for the main chain, Figure 9 . Elastic incoherent structure factor obtained for the additional motion performed by the ester methyl group hydrogens with respect to the main-chain motion (blue squares) at times longer than 1 ps. The predicted functions for some confined motions are shown for comparison: jumps among N equivalent sites equally spaced on a circle and isotropic rotational diffusion on a sphere. The functions are plotted against QR, where R is the radius of the circle and the sphere, respectively. For the simulation data the value R ) 4 Å has been fixed. while the stronger decay indicates larger mobility of the side groups, in particular the ester methyl group. Table 1 displays the DWF, the characteristic times, and the associated stretching parameters obtained from fits of eq 6 to the long-time decays of these functions. The corresponding average values (eq 7) are also shown in Figure 12a . The characteristic times are spread over more than 1 order of magnitude in time; e.g., for the SG/ SG correlation function, it is about 10 times faster than the MC/ MC counterpart. The table and the figure also include results for the self-dynamics of the different molecular units irrespective of correlation effects (eqs 2 and 3). Thereby, all the atoms within the group have been equally considered for MC and SG groups. To avoid the additional rotational motion of the hydrogens within the dynamic window of interest, for the R-methyl group we have taken into account only the carbon. We can see that the self-correlation times are always shorter than the corresponding collective times. The biggest difference occurs for the main-chain correlation time (factor of 3.5). This result may be related to a de Gennes narrowing, 51 where the ratio between the collective and the self-time is just the static structure factor. We note, however, that in such an approach the predicted difference would be even strongersthe peak height of the mainchain correlation peak at Q ) 0.8 Å -1 is a factor of 6 higher than the asymptotic value at high Q. Finally, the side groups' correlation times (MG/MG, SG/SG) are much closer to their respective self-terms, thus displaying much less collectivity.
At the first structure factor peak it is quite difficult to relate the dynamics of the different partial structure functions to the observed overall relaxation, since basically all correlation functions contribute, some of them with a positive and others with negative sign (see Figure 10 ). For instance, the MC/MC and the MC/SG correlation functions contribute nearly identically but with opposite sign. Also, the corresponding time constants are rather similar. Figure 13a displays the net contribution of these two correlation functions to the relaxation of the structure factor at the first maximum. We realize that the nearly identical decays cancel up to a very small constant term over the full time regime of the simulation. Similarly, the SG/ SG and the MG/SG correlation functions also nearly cancel. The net result is a small negative plateau at short times, while the different time constants and amplitudes at longer times diminish the negative plateau to a very small negative value. The main effect of the observed dynamics comes from the MC/ MG and the MG/MG correlations which both reflect the backbone dynamics. To this the contribution of Figure 13b is added, which leads to an apparent slowing down. Thus, there is no simple relation between the observed relaxation function and any particular correlation function. Indirectly, however, the relaxation of the main chain shines through, as can be seen from the closeness of the average time with the correlation times involving the main chain (see Figure 12a) . Compared to the self-motions at Q ) 0.8 Å -1 , the overall pair correlation function relaxes significantly more slowly, indicating some kind of de Gennes narrowing. Finally, we note that the NSE and simulation results are very close (for both the time scale and the shape).
We now turn to the higher Q value, Q ) 1.9 Å -1 . Here the comparison with the experiment is more simple since basically only two correlation functions contribute to the experimental average result, namely the SG/SG and the MG/MG correlation function (see Figure 10 ). Nevertheless, we will inspect the relaxation behavior of all correlation functions at this Q-point. Normalized by the corresponding static values, they are presented in Figure 11b . As can be appreciated from this figure and the values given in Table 1 , the normalized amplitudes are largest for the backbone related correlations, where no fast librations are involved. The amplitudes then decrease to their lowest value for the SG/SG function, where the largest librational contributions are expected. Table 1 displays the relaxation characteristics of the different partial correlation functions including their time constants as well as their stretching exponents. As can also be seen in Figure 12a , the characteristic times are widely spread. The fastest relaxations relate to the MG/MC and SG/SG correlations, while the slowest relaxation essentially relates to MC/MC and the MC/SG correlation functions. Comparing the collective pair correlation functions with the respective self-terms, we realize that at this higher Q the side groups' related correlation functions are identical to the self-terms. Thus, no coherency effects remain at this Q, and the incoherent approximation is valid. This limit is not yet reached for the MC/MC correlation function, where a factor of 2 between the self-and the pair-correlation relaxation times is visible.
As mentioned above, at Q ) 1.9 Å -1 only the MG/MG and the SG/SG correlation functions contribute significantly to the total collective relaxation observed in an experiment. Both relaxations show very similar time constants, and their superposition is very close to the corresponding self-terms. We note that also for this Q value experimental and simulation results are very close (see Figure 12a) . Thus, both the observation of the incoherent scattering addressing the self-term ( Figure 5 ) and the measured coherent scattering addressing the pair-correlation function agree with the simulation. Moreover, the good agreement between the shape of the measured and computed dynamic structure factors needs to be mentioned (see Figure 12b) . Once the 65 K temperature shift is allowed, all these nontrivial well agreeing results reflect the overall correctness of the dynamic simulations. Furthermore, we want to note that the assumption of one single KWW function which was made when fitting the BS data is well justified in light of the simulation results: the time scale of the SG/SG correlation function is rather close to those for the self-motions of MC and MG atoms (see Table 1 ).
We may summarize the results on the collective processes in the following way: At the Q value characteristic for the overall periodicity of the system (Q ) 0.8 Å -1 ), the observed collective dynamics relates to the backbone dynamics expressed by the MG/MG and the MC/MG correlation functions and is of interchain character. 21 At this point, the SG/SG correlation function decays 10 times faster than the main-chain correlations. This loss of SG/SG correlation is accompanied by a fast loss also of the SG/MG and MG/MG correlations, while at the same time the main chains stay correlated. This can only be interpreted such that the side groups lose their correlation by rotational motion around the main-chain axis, keeping the main chains locally correlated. Thus, the local structure lives much longer than the correlation of the side groups. This hypothesis is supported by the evaluation of the self-correlation function of the ester group hydrogens, where we have deduced the existence of an additional rotational motion around the main chain. It is worthy of remark that the relaxation times corresponding to the backbone collective dynamics agree quite well (see Figure 3) with the NMR correlation times recently reported 15, 16 for the isotropization of the orientation of the main chain in PMMA. This process has been recently evidenced in the poly(n-alkyl methacrylate) series and would result from the isotropic relaxation of the extended backbone conformations that retain conformational memory in these systems. It was interpreted as the genuine mechanism for the structural relaxation. [15] [16] [17] We note at this point that the interchain collective dynamics, which have been measured by NSE techniques at the first maximum of S(Q) in different polymers, was always interpreted as the actual structural R-relaxation. 34 At Q ) 1.9 Å -1 , with the exception of the MC/SG and MC/ MC correlations, basically all the relaxation times are within a factor of 2. However, we can notice that both the MC/SG and MC/MC correlations have a small amplitude at this Q value. Moreover, with the exception of the main chain, pair-and selfcorrelation times agree. At this length scale, all the side groups (MG, SG) appear to move independently, and the incoherent approximation should be valid. At this high Q no information can be obtained on possibly correlated motions. Moreover, Figure 3 shows that the corresponding relaxation times appear to follow the dielectric R-relaxation times reported for a similar PMMA sample. 13 On the other hand, in the low-temperature range, the relaxation times obtained by NSE at the two Q values considered show a weaker temperature dependence than the NMR and dielectric data. As can be seen in Figure 3 , they appear to cross over toward the direction of the dielectric secondary -relaxation. However, at these low temperatures the observed dynamics give raise to only a very weak decay of the structure factor involving possibly larger systematic errors (see Figure  1 ). In particular, the determination of the shape parameter there is subjected to a large uncertainty. Considering the T dependence of the parameter reported for PMMA by dielectric spectroscopy, 13 larger values of the average time scales are obtained for the two lowest temperatures investigated at Q ) 1.9 Å -1 . The bars in Figure 3 link the values obtained in such a way with those resulting from our previous data treatment. In addition, we note that results obtained on IN11C (IN11 with a multidetector option) on deuterated PMMA below T g (at 393 K) display a slight quasielastic decay. 20 In that study the T dependence of the relaxation times around T g was found to be very similar to that of the -process. On the other hand, we recall that 2D-NMR data on the PMMA side-group motion by Schmidt-Rohr et al. 11 showed that the main-chain and the ester side-group dynamics of this polymer are coupled. Because of the asymmetry of the carboxyl group, each π-flip of the side group is accompanied by a small rotational motion of the main chain. It could be that the weak decay of the structure factor at low temperatures which turns toward the temperature dependence of the -relaxation relates to this coupled dynamics.
VII. Conclusions
The combination of quasielastic neutron scattering and atomistic MD simulations well above the glass transition of PMMA has allowed to access the self-and pair-correlation functions and provided new insight into its dynamical behavior at a molecular level. The agreement between both sets of data, once a shift in temperature is allowed, is excellent, taking into account that different correlation functions at different length scales are considered simultaneously.
The study of the self-motions of hydrogens has revealed deviations from Gaussian behavior for the subdiffusive process involved in the R-relaxation. Apparently, PMMA needs larger scales than, e.g., polyisoprene to escape the heterogeneities imposed by structural constraints. Furthermore, apart from the methyl group rotations, side-group hydrogens display additional motions with respect to the main-chain atoms. We have found strong evidence for a rotational motion of the ester side group around the main chain, which occurs on a significantly faster scale than the main-chain translational dynamics and is at the origin of the strong dynamical heterogeneity in this system. At the first structure factor peak, the time scales for collective motion strongly depend on the molecular groups considered and are spread over more than 1 order of magnitude. The correlations involving main-chain atoms decay much more slowly than those relating side groups and seem to agree with NMR data corresponding to the isotropization of the orientation of the main chain. At these length scales the NSE experiments reflect backbone motions of interchain character, i.e., the actual structural relaxation. Furthermore, coherency effects are observed for all correlations, though the side groups display much weaker collectivity. At the second structure factor peak, coherency is lost for the side groups. Finally, when approaching the glass transition the NSE results suggest an influence of the -process on the decay of the correlations even at the level of intermolecular correlation functions.
